ABSTRACT: Efficiencies of organic photovoltaic (OPV) devices have been steadily climbing but there is still a prominent gap in understanding the relationship between fabrication and performance. Sidechain substitution is one processing parameter that can change OPV device efficiency considerably, primarily due to variations in morphology. In this work, we explain the morphological link between sidechain selection and device performance in one polymer to aid in the development of design rules more broadly. We study the morphology of an OPV active layer using a PBDTTPD backbone polymer with four different sidechain configurations, which are shown to change device efficiency by up to 4 times. The optimal device has the smallest domain sizes, the highest degree of crystallinity, and the most face-on character. This is achieved with two branched 2-ethylhexyl (2EH) sidechains placed symmetrically on the BDT unit and a linear C8 sidechain on the TPD unit. Substituting either sidechain (C14 on BDT and/or 2EH on TPD) makes the orientation less face-on, while the TPD sidechain primarily affects domain size. For all sidechains, addition of fullerene improves polymer crystallization compared to the neat film, but the degree of mixing between polymer and fullerene varies with sidechain.
INTRODUCTION
In the search for sustainable, economical energy sources, organic photovoltaic (OPV) devices have emerged as a less costly alternative to traditional inorganic photovoltaics that may be useful in alternative applications such as building-integrated photovoltaics. Through careful manipulations of material properties and processing steps, OPV devices now regularly achieve efficiencies near 8-10%, with a record efficiency of over 14% (1) . Promises of lightweight materials, cheap fabrication, and flexible form factor drive considerable interest in making OPV's marketable. Yet, there is still a lack of in-depth understanding of the design rules governing performance, partly due to the difficulty of controlling and measuring the nanoscale morphology of these soft materials.
In a standard OPV device, a conjugated polymer or small molecule electron donor is mixed in solution with a fullerene derivative electron acceptor. When deposited onto a substrate and dried, the mixture partially phase separates into a bulk heterojunction (BHJ) structure containing acceptor-and donor-enriched phases. Light is absorbed creating excitons (bound electron-hole pairs) which either recombine, causing energy losses, or are separated into charge carriers at a material interface, generating current. Whether free carriers are generated and extracted depends on a few factors in the BHJ morphology. First, an exciton generated in a donor or acceptor region must reach an exciton-splitting interface before geminate recombination occurs: thus, donor-and acceptor-rich domains must not be much larger than the exciton diffusion length of ~10 nm. Second, excitons must be split into free charges efficiently at the donor-acceptor interface. Finally, free carriers generated through exciton splitting must have access to an uninterrupted, highmobility pathway to their respective electrodes. Free carriers that encounter a trap state, such as a donor molecule within an acceptor domain or vice versa, may be 2 lost via non-geminate recombination. Nanoscale morphology profoundly affects each of these factors.
In addition to donor-and acceptor-rich domains functioning as hole-and electron-transporting pathways respectively, some BHJs contain a "mixed phase" in which donor and acceptor molecules are intermingled. The existence of a mixed phase may be beneficial to device function as it can create an energetic driving force pushing electrons and holes toward acceptor-and donor-rich domains respectively (2) . At the same time, demixing of a previously mixed phase has been shown to be a leading cause for burn-in degradation in one polymer:fullerene system (3). However, the importance of the mixed phase is currently unknown, as there are few measurements of degree of mixing in the literature. It has been shown that mixed phase is not present in at least one efficient small molecule system, indicating that it may be unnecessary for good performance (4) (5) .
In this work, we will focus on the control and influence of polymer orientation, intermolecular packing, crystallinity, and mixed phase. In particular, we look at a high-performing polymer backbone, poly(benzo[1,2-b:4,5-b′]dithiophene-alt-thieno [3,4-c] pyrrole-4,6-dione) (PBDTTPD), with four different sidechain combinations, from the set: 2-ethylhexyl (2EH), octyl (C8), and tetradecyl (C14). We study both neat polymer films and BHJ's with [6, 6 ]-Phenyl-C71-butyric acid methyl ester (PC 71 BM). The chemical structures of these materials are shown in Figure  1a ). The polymer backbone consists of an electronwithdrawing (TPD) and electron-donating (BDT) moiety, which serves to decrease the polymer bandgap, making it better-tuned to visible light absorption (6) (7). This backbone has been studied in several publications (8) (9) (10) (11) (12) (13), including one study on its use in efficient homo-tandem devices (14) .
Polymer sidechains are necessary to promote the dissolution of conjugated polymers in solvents for solution processing, but they are insulating and electronically inactive. Despite this, sidechain modification has been shown to significantly change OPV device parameters (short-circuit current, open-circuit voltage, etc.), primarily through morphological modification and changes to how the polymer interacts with fullerene derivatives (15) , although changes to energy levels have also been observed (16) (17) (18) (19) (20) (21) . In (16) , (18) , (19) , and (20) an increase in the number of carbon atoms contained in the sidechains (hereafter referred to as N C ) mostly led to lowerlying HOMO levels and higher V OC , though ultimately the highest V OC in (16) belonged to the polymer with the most linear sidechain and second-highest N C . In (17) , the smaller N C but more branched material had lower HOMO and higher V OC . In (21) , energy levels and V OC varied for a wide variety of sidechain combinations; it was difficult to extract general trends from this study because multiple variables were modified simultaneously, though in one case more branching led to higher V OC .
For some polymers, more sidechain branching, increased N C , or increased sidechain attachment density has been correlated with an increase in face-on orientation which may result in better out-of-plane charge transport (22) (23) (24) (25) (26) . This may be due to the way that bulky sidechains hinder π-π stacking through steric interactions, delaying the onset of and/or decreasing polymer crystallization (18) (22) (27) . Meanwhile, linear sidechains have a lower steric hindrance than branched sidechains, resulting in higher backbone planarity, higher crystallinity (25) , and stronger interaction with fullerene (28) . Moving sidechain bulk farther away from the backbone also reduces steric interactions (29) , increasing crystallinity (30) (31) . In another work, relative lengths of adjacent sidechains are reported to have a larger effect on orientation than N C /branching, where more similar sidechain length correlates with more face-on material (32) . Similarly, branched sidechains in which both branches are the same length create less torsion and higher crystallinity than equivalent structures with branches of different lengths (33) . Among one small molecule with branched sidechains, the length of the sidechains significantly affects crystalline structure, phase separation, and device performance (34) .
Previous work on PBDTTPD-backbone polymers specifically has shown that sidechains can change polymer orientation (8) (9) (10), packing distances (8) (9) (10) (11), crystallinity (8), mobility (11), degree of charge transfer state delocalization and dissociation efficiency (11), bimolecular recombination (10) (11), device parameters (9) (10) (11), and polymer-fullerene interactions (12) . These previous studies have been very valuable in shedding light on sidechain influence in devices, but more research is needed to develop an understanding of sidechain impact and rules for effective sidechain design. Systematic variation of sidechain properties is needed, and changes to morphology must be thoroughly analyzed. In particular, the effect of sidechains on intermixing between polymer and fullerene has not been sufficiently explored, although one study suggests that 20-30% of the fullerene is mixed in PBDTTPD (2EH/C8):PC 61 BM (2) and another indicates that PBDTTPD (2EH/C8) allows favorable PC 61 BM docking at the TPD moiety compared to other sidechain combinations (12) . Here, we will examine PBDTTPD conjugated polymers with four sidechain variations, shown in Figure 1b ): (2EH/C8), (2EH/2EH), (C14/2EH), and (C14/C8). This set covers each combination of sidechains: 2EH versus C14 on 3 R 1 and 2EH versus C8 on R 2 . This allows us to isolate the effects from each sidechain substitution. We find that sidechains can modify all device performance parameters, domain sizes, polymer packing distances, polymer crystallinity, polymer orientation, and mixed phase. This study provides additional data points that will aid in arriving at design rules. The highest performing polymer, (2EH/C8), has negligible mixed phase, but achieves an average PCE of 8.06% with favorable domain sizes and orientation. Our in-depth analysis of domain formation in (2EH/C8) indicates that domain sizes may be controlled by self-assembling aggregates of 10-20 nm diameter.
DEVICE PERFORMANCE
Device parameters are given in Table 1 , and J-V curves are given in Figure S1a ). Device stacks are PEDOT/active layer/Ca/Al. At least 5 devices of each type are averaged; more details can be found in the S.I.
Bulk heterojunction layers for three of the sidechains were about 100 nm thick with good uniformity, but the (C14/C8) combination made films that were about 3x-5x thicker with poor uniformity (see S.I. and Figure S7 ). This was especially true for films with less than 50% PC 71 BM that will be discussed in upcoming sections, which were significantly thicker toward the middle of the spin-cast sample versus the edges. We believe this is due to a higher solution viscosity, with solvent evaporation at the edges of the film occurring more quickly than the solution can spread. As the edges of the film dry, an increasingly thick bead of solution is left at the center of the sample. This is accompanied by a large surface roughness seen in profilometry, which is expected for inadequate solvent spreading (35) . In previous literature, increase in surface roughness in the PBDTTPD system has been attributed to poor solubility (36) , but this is unlikely given the bulky C14 sidechains. Instead, we suggest that this change is due to entanglement of the long C14 sidechains in a gel-like process, which is prevented in (C14/2EH) by steric hindrance of the branched R 2 sidechain. This kind of gelation has been seen before in a polymer as a result of long sidechains with a branchpoint far removed from the backbone (C 3 H 5 + C 8 H 17 /C 10 H 21 ), while it was not present in its analog with a closer branch (C 2 H 3 + C 12 H 25 /C 10 H 21 ) due to steric hindrance (37) . The significant difference in thickness must be considered when comparing (C14/C8) to other sidechains. In particular, high thickness has been associated with dramatically decreased FF due to high recombination in many systems (2) , though in some systems this effect has been small (38) (39) . High thickness may also decrease degree of orientation of polymer backbones due to diminishing substrate effects. On the other hand, bulk characteristics such as domain sizes, polymer packing distances, degree of crystallinity, and amount of mixing with PC 71 BM should be mostly unaffected by the large thickness. It is important to analyze the bulk morphology of (C14/C8) despite its differences from the three other materials, as gelation is important in controlling self-assembly of BHJs (40) (41) (42) and may even be beneficial to film deposition (43) .
The (2EH/C8) blend is the highest performing blend with an average PCE of 8.06%. The PCE most closely follows the J SC and the FF, which are both best for (2EH/C8) and worst for (C14/2EH). (2EH/2EH) and (C14/C8) have similar J SC , FF, and PCE values. V OC is highest in (2EH/C8) and (2EH/2EH), followed by (C14/C8) and then (C14/2EH). From this analysis we can conclude that substituting the R 1 sidechain from the compact 2EH to the bulkier C14 may impact V OC , although this trend in V OC has not been found in the literature for these same materials (with some differences-see Table S2 ) (9) (12). Even though the mass fraction of insulating sidechain to semiconducting backbone increases from 0.48 to 0.58 when replacing (2EH) with (C14) at R 1 , this appears to not be a dominating factor in determining charge transport: in fact, (C14/C8) has similar J SC and FF as (2EH/2EH), despite having more insulating material and a higher thickness. We compared our results to available literature on PBDTTPD-based devices, as shown in Table S2 . Slight differences in parameters between our work and (9) may be due to differences in molecular weight; literature suggests that M n significantly impacts PBDTTPD-based devices (13) . The molecular weight characterization of our polymers is given in Table S1 . Larger differences between our work and (12) are likely due to their use of PC 61 BM instead of PC 71 BM, but the trends between sidechains are roughly consistent with our results. More details can be found in the S.I and Table S2 .
We also examined the device hole and electron mobility for the four materials, as described in the S.I. and Figure  S1b ). The measured mobility values differed significantly between devices, but unfortunately there was a large 4 uncertainty in the results. This made it difficult to draw any conclusions regarding the effect of sidechains on mobility.
COMPARISON OF DOMAIN SIZES BETWEEN SIDECHAINS
We used Resonant Soft X-ray Scattering (RSoXS) measurements to compare the domain sizes in each material blend. RSoXS has been used to probe domain sizes in organic materials. This method provides bulk-averaged data on length scales from about 3 to 100 nm (44) and can complement AFM, which only measures the surface structure. Surface roughness does have a contribution to scattering, but carefully tuning the X-ray beam energy can increase the contribution of bulk scattering compared to surface scattering.
In RSoXS, changing the incident X-ray energy changes the contrast, which is a measure of how strongly a material scatters and is proportional to signal intensity (44) . We used an incident energy of 284.2 eV, which typically results in the best contrast in PCBM-based OPV materials (45), and confirmed that contrast in our materials is approximately maximized at this energy as well (see S.I.; Figure S2 and Table S3 ). We further estimated polymer/PC 71 BM and sample/vacuum contrast versus incident energy to ascertain that scattering from the bulk dominates over surface scattering in our measurement. This is done by measuring X-ray absorption (NEXAFS) of the neat materials to calculate the complex index of refraction. Details are given in the S.I. At 270 eV, material/vacuum contrast is considerably higher than polymer/fullerene contrast, so surface topography is expected to dominate the scattering pattern. Material/vacuum contrast increases by about 10x from 270 to 284.2 eV, while polymer/fullerene contrast increases by 200-400x (see Table S3 ). Thus, differences in RSoXS between 270 and 284.2 eV are attributed to domain scattering.
RSoXS data was collected on a 2D detector, circularly integrated, and normalized by the beamstop photodiode reading (roughly equivalent to incident beam intensity x sample transmission). Data is shown in Figure 2 with arbitrary normalization for ease of comparison and in Figure S4 with this normalization. We also discuss possible anisotropy of the data in the S.I. and Figure S3 , though this does not change our overall conclusions. Small angle scattering in complex nanostructures is challenging to model, but strong peaks or shoulders in scattering curves indicate the presence of preferential domain sizes in the material, making a qualitative comparison of domain sizes possible. Scattering angle and domain size have an inverse relationship, such that shoulders at higher Q indicate smaller domains.
At 270eV, intensity is mainly concentrated at low Q for all four materials, which is consistent with surface roughness. (2EH/2EH) and to a smaller extent (C14/2EH) also exhibit weak scattering shoulders at about 0.011 Å -1 consistent with their scattering patterns at 284.2 eV. A unified exponential/power-law fit (46) to the region 0.006<Q<0.04 Å -1 , shown in Figure S5 , gives a prefactor (related to scattering intensity) that increases by roughly 140x (C14/2EH) and 180x (2EH/2EH) from 270 eV to 284.2 eV. Since material/vacuum scattering contrast is expected to increase by only 10x, both surface and bulk are likely contributing to this scattering shoulder, with domain structure templating the surface topography. A high degree of surface roughness has previously been associated with poor dissolution of PBDTTPD in casting solvents (36) .
In Figure 2b ), the RSoXS is largely featureless and so all blends have a large range of domain sizes. However, (2EH/2EH) and (C14/2EH) both exhibit shoulders near 0.011 Å -1 , roughly correlating with domain sizes in the 30-60 nm range. The exciton diffusion length is in the 5-20 nm range in organic materials (47) , so it is likely that (2EH/2EH) and (C14/2EH) encounter some recombination losses due to having domains of this size. (C14/C8) and (2EH/C8) do not have this 0.011 Å -1 shoulder but instead exhibit significant scattering shoulders in the high Q region near 0.03-0.06 Å -1 , corresponding to the 10-20 nm domain sizes which are necessary for efficient exciton splitting. Behavior at Q<0.003 Å -1 is strongly affected by surface roughness and cannot be used to make conclusions about domain structure. (C14/C8) exhibits the biggest increase in scattering at Q<0.003 Å -1 which is consistent with its poor film uniformity. It is clear that modifying sidechains can change the domain structure in BHJs. Similar RSoXS patterns are found for (C14/2EH) & (2EH/2EH) and for (C14/C8) & (2EH/C8); thus the R 2 sidechain on TPD is the main contributor to domain size differences in this system. The domain sizes present in each material blend shed some light on the differences in performance. Both (C14/2EH) & (2EH/2EH) lack the small domains necessary to promote good charge separation, while these are present in (C14/C8) & (2EH/C8). Accordingly, both (C14/C8) and (2EH/C8) have a ~2x higher efficiency than their analogs with R 2 =2EH caused by changes in FF and J sc . On the other hand, the 2x difference in efficiency between (C14/C8) and (2EH/C8), and between (C14/2EH) and (2EH/2EH), cannot be explained by domain size considerations on these length scales, though as noted in the previous section (C14/C8) may suffer recombination losses due to large thickness. In the next sections, we examine other morphological characteristics in these systems to further explain differences in device performance. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 5
POLYMER CRYSTALLINITY AND PACKING IN NEAT AND BLEND FILMS
We used 2D Grazing Incidence Wide Angle X-ray Scattering (GIWAXS) to compare the crystal structures of polymers with different sidechains, as well as comparing the domain composition between these materials. GIWAXS gives a wealth of information on polymer morphology. From the locations of scattering peaks, we can estimate the packing distances and the orientation of the polymer backbone with respect to the substrate. The intensities of peaks give us information about the amount of crystalline material. Comparing the peak intensities for blends of different compositions can give information on the amount of mixed phase and the effect of mixing on polymer crystallinity. We will discuss each of these aspects in the following sections.
GIWAXS images for the four polymers in neat and optimized blend films are shown in Figure 3 . Details of our robust analysis strategy are given in the S.I. and Table S4 . The intermolecular packing distances, total peak scattering intensities (PSI), and orientations were measured and compared between the four types of sidechains. These results are summarized in Table S5 , Figure 4 , and Figure 5 . Comparing crystallinity between disparate chemical structures is difficult. While sidechains are typically thought of as disordered in intermolecular regions between rigid backbones, they may still contribute to scattering intensity. Furthermore a change in stacking distance will change the scattering intensity. However, the total peak scattering intensity (PSI) can still be used as a rough measure of the relative degree of crystallinity (rDOC), especially if changes to scattering intensity are large.
For both neat and blend films, PSIs (see Table S5 ) follow the order: (2EH/C8)>(C14/2EH)>(C14/C8)>(2EH/2EH). PSI increases by around 2x from the neat to blend film for all sidechains; this will be discussed in depth in the "intermixing" section. The best-performing (2EH/C8) blend has a significantly higher scattering intensity than the other sidechain combinations, but the next highest PSI occurs in the worst-performing (C14/2EH) blend. High crystallinity is thought to be beneficial for charge transport, as it minimizes energetic trap states caused by local environment fluctuation. While the best-performing system likely benefits from its higher crystallinity (leading to a high FF of 70%), degree of crystallinity is not the dominant effect differentiating the three lower-performing systems.
Literature shows that the alkyl stacking distance depends primarily on the size of the sidechains (48) (23) (24) (34) (16) (17), and this is confirmed in our data. Changing R 1 from 2EH to C14, which adds a total of 12 carbon atoms to each monomer, increases the alkyl distance by 8.6-9.1 Å in neat and blend films (an increase of 40-50%); see Figure 4a ). Furthermore, changing R 2 from 2EH to C8 increases alkyl distance by 1.6-2.2 Å (an increase of 6-12%) in neat and blend films, indicating that the linear sidechain extends farther in the alkyl direction than the branched sidechain.
The π-π stacking distance, shown in Figure 4b ), varies slightly with sidechain substitution in the neat films, and is inversely related to alkyl stacking distance. An increase in π-π stacking distance may result from an increase in steric interference due to a sidechain preferring to extend in a direction normal to the backbone plane (the π-π stacking direction). To understand these effects, we considered the results of molecular dynamics (MD) simulations on polymer strands in solution presented in (49) . From this study, R 1 =C14 preferentially extends in the alkyl direction, R 2 =2EH extends in the π-π direction, and the other two sidechains have intermediate orientations.
We find that changing R 1 from C14 to 2EH increases π-π stacking distance in the neat film by 0.05 or 0.22 Å (1 or 6%), depending on the set of materials compared. Changing R 2 from C8 to 2EH increases π-π stacking distance by 0.02 or 0.19 Å (0.6 or 5%). These results suggest that R 1 =2EH and R 2 =2EH interfere with the π-π stacking more than R 1 =C14 and R 2 =C8, which is approximately consistent with the MD result. In other words, branched sidechains lead to larger π-π stacking distances than linear sidechains in this set, even when the linear sidechain is significantly longer (more carbon atoms) than the branched sidechain.
In general, alkyl packing distances do not change significantly when polymers are blended with PC 71 BM. Thus, we do not see dramatic increases in alkyl stacking distance that is associated with the formation of an intercalated polymer/fullerene co-crystal (50) (51). Other studies with similar polymers have observed slight contraction (52) or expansion (53) in stacking distances with fullerene blending. This effect sometimes depends on processing parameters (54) and is not always consistent between studies (53) (55). This effect is interesting to explore as it may imply changes in density, and high density has been related to a decrease in photo-oxidation (56) . Nevertheless, in our work, changes in stacking distances are negligible in the in-plane direction, and slight changes in the out-of-plane direction can be attributed to X-ray refraction (57). 
POLYMER ORIENTATION IN NEAT AND BLEND FILMS
The orientation of the polymer backbone with respect to the substrate is of interest because the current model of 6 conjugated backbones suggests that more face-on materials will have better charge transport in the out-ofplane direction, leading to better J sc and FF. The crystallographic alkyl and π-π stacking directions are sometimes used to estimate the backbone orientation (face-on versus edge-on). This approach assumes that the backbone is not tilted in the unit cell, i.e., the structure does not have a slip-stacked or herringbone motif, as described in (58) (59) (60), and the backbone is not twisted. There is some evidence that positive and negative regions in an electrostatic potential (ESP) map of a polymer can be predictive of slip-stacking, as oppositelycharged regions are attracted to each other; further, alkyl sidechains do not greatly influence the ESP (58) . Oppositely charged regions are present in the ESP map of the PBDTTPD(2EH/C8) polymer, indicating that slipping cannot be ruled out in this material (61) . On the other hand, good planarity is expected (61) .
Noting this possibility of slip-stacking, we compare the orientation of the alkyl and π-π stacking peaks in neat and blend materials in Figure 5 . The pole figures (corrected intensity vs polar angle) are plotted in Figure 5a ,b,d,e). The alkyl and π-π stacking directions are approximately orthogonal to each other such that the (alkyl peak direction) ≈ 90° -(π-π peak direction). For ease of discussion, we refer to the arrangement with an out-ofplane (OOP) alkyl and in-plane (IP) π-π stacking peak as nominally "edge-on," and the opposite arrangement as nominally "face-on", although this refers only to the crystallographic (repeat) directions and not necessarily the backbone orientation. We also present an average peak orientation of the unit cell in Figure 5c ,f) which allows us to compare the orientation of the polymers with a single parameter. Unless otherwise noted, the average orientation of the alkyl peak is used. An average alkyl peak orientation of 90° is approximately edge-on while 0° is approximately face-on. More details on the calculation of average orientation are given in the S.I.
Among neat materials, (2EH/C8) forms the most faceon orientation with an average alkyl orientation of 18°, while the other neat films have orientations near 45° (isotropic, equal parts edge-and face-on, or tilted). Among optimized blends, (2EH/C8) is also the most face-on material (26°), followed by (C14/C8) (44°), (2EH/2EH) (50°), and (C14/2EH) (65°). Our results are consistent with the expectation that face-on orientation is beneficial for devices, since the trend in orientation correlates well with the J SC and FF measured in the devices. The correlation between face-on orientation and good performance is also consistent with results found in previous work (8) (9) (10). Substrate effects are weaker for (C14/C8) due to its large thickness which may contribute to its near-isotropic orientation (near 45°), so we do not further discuss the orientation of (C14/C8) films. 71 BM, corresponding to devices. The π-π stacking peak of (2EH/2EH) was difficult to isolate from background due to a large peak width, so it has been omitted. c,f) Average peak orientation versus PC 71 BM content for four sidechains, calculated from c) alkyl peak and f) π-π stacking peak.
As discussed in the introduction, literature shows that larger and/or more branched sidechains result in more face-on behavior. From this we expect that changing R 2 from C8 to 2EH should make the film more face-on. Our results are not consistent with this and if anything show the opposite trend: (2EH/C8) is significantly more face-on than its analog (2EH/2EH) in both neat and blend films. Changing R 1 from 2EH to C14 makes the sidechain less branched but larger (more carbon atoms), so no prediction can be made regarding its effect. We observe that the average orientation is more face-on for (2EH/2EH) than (C14/2EH) for neat and blend films.
Blending (2EH/C8), (2EH/2EH), and (C14/2EH) with PC 71 BM progressively makes the orientation more edge-on. This may be related to the decrease in polymer concentration in casting solution. We will discuss this effect in more detail in the "Discussion" section.
INTERMIXING OF POLYMER AND FULLERENE
The presence and function of finely mixed regions of polymer and fullerene have attracted considerable attention in recent literature. In this section, we explore the degree of intimate mixing between PBDTTPD and PC 71 BM to understand what effect sidechains have on miscibility. We also examine the effect PC 71 BM has on PBDTTPD crystallization. To track the interactions between polymer and fullerene, we measured a series of blend films with varying concentrations of fullerene and extracted the relative phase fraction of pure polymer, pure fullerene and mixed phase. This technique has been demonstrated in previous works (4) (62), although here we use an advanced peak fitting routine described in the S.I. and Figure S8 - Figure S14 rather than a simple linear combination to account for changes in peak position, width, and scattering from amorphous polymer. Each observable scattering peak can be assigned to either polymer or fullerene, based on results from the neat materials' scattering patterns. No new scattering peaks are observed in blend films in this work, which means that no crystallized mixed phase structure is present.
PC 71 BM molecules can either be aggregated (scattering) or molecularly dispersed in a mixed phase (nonscattering). In blends that don't have a mixed phase, all the PC 71 BM molecules will be aggregated and the PC 71 BM scattering intensity will be linearly proportional to the amount of PC 71 BM present in the film. On the other hand, molecular mixing will inhibit PC 71 BM scattering, and the PC 71 BM scattering peak intensity will fall below this linear relationship. The difference between the measured PC 71 BM scattering intensity and the expected no-mixed-phase 7 intensity gives a measure of the fraction of PC 71 BM residing in a mixed phase. This concept is demonstrated in (4) (2) (5).
Results of the blend series measurements are shown in Figure 6 . The PC 71 BM peak intensity increases linearly with PC 71 BM concentration in (2EH/C8) indicating negligible mixed phase and nearly linearly in (2EH/2EH), but dips significantly below a linear relationship in (C14/2EH) and (C14/C8). Interestingly, the peak intensity is nonzero at low fullerene loadings, suggesting that the total amount of fullerene that is in a mixed phase depends on the fullerene concentration. This is unexpected because conventional phase diagrams suggest that all PC 71 BM should be in a mixed phase up to the miscibility limit, while all PC 71 BM above this limit should be unmixed (63) (64). This model has been used to fit the data in previous work, with the fraction of PC 71 BM in mixed phase determined by the concentration at which scattering intensity begins to grow (65) (2). Our data does not follow this shape, possibly because of rapid drying leading to a metastable state. Therefore we estimate the amount of intermixed PC 71 BM in devices (60% PC 71 BM) by fitting the data to a two-part line approximation and using the following relation:
Where F 60% is the PC 71 BM peak scattering intensity of the optimized blend and F 100% is the scattering intensity of the neat PC 71 BM. The fraction of PC 71 BM in a mixed phase is given in Table 2 . The two materials with R 1 =C14 have a large amount of mixed phase while the best performing (2EH/C8) blend has negligible mixed phase. The lack of mixed phase in (2EH/C8) may be related to its high degree of crystallinity, which is discussed as a contributing factor to a lack of mixed phase in the literature (4).
The trend in mixed phase is opposite to what molecular dynamics simulations have predicted previously for PBDTTPD:PC 61 BM. Here, the number of branched sidechains was shown to correlate with amount of mixing, predicting that the amount of mixing should increase in the order (C14/C8)<(C14/2EH)<(2EH/C8) (49) . Simulations also predict that the orientation and position of PC 61 BM relative to the backbone changes significantly with sidechain substitution, and this may have an impact on the amount of mixed phase, though further analysis is outside the scope of this work (66) . Notably, these studies analyze the relationship with PC 61 BM rather than PC 71 BM, which may account for differences.
Next, we used the polymer scattering intensity to examine the effect that PC 71 BM has on polymer crystallization. In BHJs, polymers can exist in three phases: crystalline (scattering), amorphous (non-scattering), or intimately mixed (non-scattering). In a blend film, the degree of crystallinity of a polymer as a function of the amount of polymer may be higher or lower than in the neat film: higher, if the presence of PC 71 BM encourages polymer crystallization; lower, if PC 71 BM disrupts crystallization, either through intermixing or by changing the drying dynamics. In all four polymers, we observe some enhancement in alkyl peak intensities as PC 71 BM is added, shown in Figure 6 . We use a quadratic function to smooth the data and estimate the amount of enhancement with the following relation:
Where P 60% is the polymer peak scattering intensity of the optimized blend with 60% PC 71 BM and P 0% is the scattering intensity of the neat polymer. From this we observe that the polymer is around twice as crystalline in the blend material as in the neat (1.7x to 2.5x, see Table 2 ), despite the presence of a mixed phase in three of the materials. This result differs from that of some small molecules, where the degree of crystallinity was unchanged with fullerene content <30% and was suppressed with higher fullerene content (4) (5). Other work has also suggested a decrease or lack of change in the degree of crystallinity of the polymers PTB7 (67), P3HT (68) , and (2EH/C8) (with PC 61 BM) (2) when blended with fullerene. On the other hand, at least one other polymer system (PIPCP:PC 61 BM) experiences no mixed phase and a significant increase in order as fullerene is added, similar to our result (69) . Another polymer:fullerene system (P(T3-TPD):PC 71 BM) has higher polymer crystallinity in the blend than the neat material when cast with a solvent additive, but the opposite is true when it is cast without the solvent additive (70) . Table 2 . a-d) show the polymer alkyl peak intensity smoothed with a quadratic function, normalized by the value of the neat polymer film; e-h) show the PC 71 BM peak intensity smoothed with a twopart line, normalized by the value of the neat PC 71 BM. Data is given for a,e) (2EH/C8); b,f) (2EH/2EH); c,g) (C14/C8); d,h) (C14/2EH).The large variance in (C14/C8) (c) is due to thickness uncertainty arising from film roughness. 71 BM in mixed phase is calculated by smoothing the data with a two-part line; crystallinity enhancement is calculated by smoothing data with a quadratic function, as shown in Figure 6 .
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In general, these results show that the degree of mixing with PC 71 BM is strongly affected by the sidechain selection, with larger sidechains resulting in more mixing. Notably, the (2EH/C8) system has high efficiency (8.1%) and high J SC without a mixed phase. Furthermore, the presence of PC 71 BM enhances the degree of crystallinity by around 2x in all four polymers even when mixed phase is observed. 71 
DOMAIN FORMATION IN (2EH/C8):PC

BM
In this section, we examine the highest performing (2EH/C8) polymer in greater detail. From the high degree of crystallinity and negligible mixing shown in our work, and well-ordered cross-chain structure seen in high resolution transmission electron microscopy (HR-TEM) (71), it is clear that this polymer is strongly aggregating. This is also consistent with the literature (72) (28) . Why then do the domain sizes in the optimized blend remain small? We collected RSoXS from different blend ratios of polymer:PC 71 BM to further understand the domain formation in this system. The results are shown in Figure  7a ) with arbitrary scaling and in Figure S6 with beam intensity and thickness normalization. From the previous section, negligible mixed phase exists in the (2EH/C8) system, so the following analysis assumes a two-phase system.
As expected, there is negligible scattering from the neat polymer film, and scattering from neat PC 71 BM is concentrated at low Q, corresponding to surface roughness. RSoXS intensity is maximized at PC 71 BM contents between 40 and 60%. Interestingly, the shape of the scattering pattern beyond the surface roughness region (for Q>0.002 Å -1 ) is fairly unchanged with fullerene content between 30 and 60%. This is especially evident in the appropriately normalized plot in Figure S6 . There is a shoulder at Q>0.03 Å -1 and an increase in scattering intensity near Q≈0.003 Å -1 (marked by dashed boxes in Figure 7a ), indicating a two-length-scale structure. The 40% film appears to have less concavity in the small Q region which we attribute to overlap from scattering from a higher surface roughness from our film transfer procedure-notably, the overall intensity in this region remains comparable to the 30 and 50% films. The high Q shoulder, which indicates small domains in the 10-20 nm range, emerges with as much as 90% PC 71 BM and remains in a similar Q position as PC 71 BM decreases to 20%. Because the 90% film consists of small amounts of polymer within a fullerene matrix, it is likely that these small domains are comprised of polymer. This constant length scale points to the polymer self-assembling into 10-20 nm aggregates which remain distinct even as polymer concentration becomes large.
Scattering at larger length scales (Q≈0.002-0.004 Å -1 ) becomes prominent with as much as 80% PC 71 BM. In this sample, the large length scale peak is broad, indicating a large distribution of domain sizes. Similarly to the 90% film, at 80% small polymer aggregates are dispersed between large regions of fullerene. While there is no fullerene structure in the 90% film, the 80% film contains enough polymer to start breaking up the fullerene matrix into large domains. Thus, fullerene domains likely make up the large length scale peak. With 40-70% PC 71 BM, the weak large length scale peak becomes more distinct and moves to higher Q (smaller structures). This weak peak is likely due to formation of pure fullerene regions which repel polymer aggregates and decrease in size as polymer is added. Clustered polymer aggregates may also be contributing to this peak. From 20-30% PC 71 BM, scattering in the region becomes less intense and peaks become less distinct. Polymer aggregates merge into larger domains while fullerene regions become smaller. At 10% PC 71 BM, little structure remains, because fullerene fills in gaps between polymer regions without a preferential cluster size. An illustration of these changes is provided in Figure  7b ).
DISCUSSION
Previous work on the solution conformation of the (2EH/C8):PC 71 BM system observes a significant amount of solution aggregation of this polymer which determines the final morphology of the blend. Previous work further proposes that as the chlorobenzene (solvent) evaporates, (2EH/C8) forms a fibrillar network that controls the formation of PC 71 BM aggregates which remain solubilized in the slower-evaporating chloronaphthalene (additive) (13) . In this section, we will examine both these findings in light of our data: first focusing on the aggregation behavior in solution, and then on the morphology as a whole.
In the "Polymer orientation…" section, we observe that decreasing the polymer concentration in the casting solvent makes the film progressively more edge-on: from an 18° orientation in the neat (0% PC 71 BM) film to a 57° orientation in the 90% PC 71 BM film. In particular, PC 71 BM concentrations above 60% have the most dramatic effect, 9 which is equivalent with the solution polymer concentration decreasing below 8 mg/mL. Other literature has shown that neat films of (2EH/C8) become more edgeon when the casting solution concentration is decreased (14% to 64% edge-on when concentration changes from 10 mg/mL to 1 mg/mL) (71) . Furthermore, face-on orientation decreased when the casting solution was heated from 50°C to 130°C (72). Thus, interfering with polymer aggregation in solution, either by decreasing concentration or increasing temperature, decreases face-on orientation. These results imply that polymer that is already aggregated in solution orients face-on in the cast film, while polymer that crystallizes rapidly during the drying process is oriented isotropically or edge-on. This confirms the importance of solution aggregation on final morphology that is observed in (13) .
Despite the decrease in solution aggregation expected for >60% PC 71 BM films, we still observe a preferential 10-20 nm polymer domain size in these films in the "Domain formation…" section. This suggests that the polymer has a strong preference to self-assemble into aggregates of this size, whether the assembly occurs in solution prior to casting or more rapidly during the casting process. This preferential aggregation may be the key to the good performance of this system. It explains why domain sizes remain small in the (2EH/C8) system despite its high degree of crystallization compared to the other three sidechain combinations. In addition to a constant 10-20 nm polymer domain size, we observe a larger length scale structure which we attribute to fullerene aggregates. We speculate that the existence of a preferential length scale for fullerene structure with as much as 80% PC 71 BM indicates that the small polymer domains are not uniformly dispersed within the fullerene matrix, but instead may cluster into a "skin" around fullerene regions. This observation is consistent with the fibrillar polymer network proposed in (13) , and explains how the 10-20 nm polymer aggregates form an interconnecting network in the optimized device to allow good charge transport. This structure is reminiscent of that seen in PTB7:PC 71 BM systems made without solvent additive, in which 100-200 nm fullerene-enriched domains were separated by a "skin" of finely mixed material. The large domains in that system are detrimental to charge extraction (73) . Our (2EH/C8) system may avoid these losses due to the phase purity of fullerene regions and polymer skin.
The constant domain length scales with changing blend ratios has been seen before. In (74) , RSoXS of blade-coated P3HT:PCBM and P3HT:PNDIT (all-polymer) was compared for five blend ratios between 1:9 and 9:1. Both showed a two-length-scale system similar to our films. In P3HT:PCBM, the small domains systematically changed size with blend ratio with a maximum domain size at 7:3. However, in P3HT:PNDIT the shoulder in the scattering pattern at high Q remained unchanged between 9:1 and 1:9 blends, similarly to our system. It was also noted in this work that P3HT:PNDIT had a smaller amount of mixed phase than P3HT:PCBM, which was determined to enable the small domain sizes. While not conclusive, this is suggestive of a correlation between the self-assembly into small aggregates and a lack of mixed phase. In another example, the two polymers in (65) have significant amounts of mixed phase and their RSoXS patterns show dramatic evolution with fullerene loading between 20 and 80%. On the other hand, the small molecule X2 also does not form a mixed phase but does show changes to domain sizes measured by RSoXS as the ratio of X2:PC 61 BM is changed (5) . This can be explained by the stronger aggregation of small molecules compared to polymers: self-assembly is not necessary for preventing fullerene mixing when the small molecule has a higher aggregation propensity.
If a lack of molecular mixing is correlated with small domain sizes, why does (C14/C8) have the highest degree of mixing but a similar RSoXS pattern to (2EH/C8) ( Figure  2) ? We speculate that the gelation of (C14/C8), discussed in the "Device Performance" section, plays a role in encouraging the formation of a fibrillar structure similar to that of (2EH/C8). Aggregates of (C14/C8) are less crystalline due to steric hindrance but maintain crosslinks, allowing intermixing with PC 71 BM without breaking the interconnected polymer network. Further investigation of (C14/C8) could test this hypothesis but is beyond the scope of this text.
CONCLUSIONS
From this systematic study, we can make several conclusions regarding the morphology of PBDTTPD on several length scales and its interaction with PC 71 BM. In this set of materials, sidechains significantly affect all the figures of merit in OPV devices, changing the PCE by up to 4x. The optimized device, with a (2EH/C8) sidechain combination, demonstrates the 10-20 nm domain sizes which are beneficial to charge extraction. This domain structure is primarily achieved by putting a C8 sidechain on R 2 (TPD) instead of 2EH. The optimized material also has a predominantly face-on orientation, high polymer crystallinity, and negligible polymer/fullerene mixed phase. This structure is likely achieved through the selfassembly of polymers into 10-20 nm aggregates in solution, which form a fibrillar network as PC 71 BM is added. The lack 10 of mixed phase in a high performing polymer/fullerene device is interesting in light of literature suggesting that mixed phase has a crucial role in charge separation.
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